Background
Breast cancer is the most common malignancy diagnosed in women. More than 1.3 million new cases are reported each year, accounting for approximately 23% of all new cancer cases in either sex worldwide [1] . Several strong risk factors, ranging from genetic to environmental, have been identified for breast cancer and incorporated into public awareness campaigns and clinical monitoring strategies of the general at-risk population [2] . In addition, convenient and accurate early detection techniques have been developed and are in routine use [3] . While these strategies have been able to reduce the rates of mortality associated with breast cancer, nearly half a million women still die of the disease each year; among those, more than 90% are attributed to cancer metastasis. Therefore, substantial research and clinical efforts have been devoted to understanding the underlying molecular mechanisms that control the metastatic spread of tumor cells. It is expected that molecularly targeting these mechanisms, by pharmaceutical or genetic-based approaches, may slow down or stop metastasis and improve the survival of cancer patients.
MicroRNA (miRNA) is a family of endogenous, highly conserved, small non-coding RNA molecules. The in vivo mature miRNA molecules are between 18 to 22 nucleotides (nt) in length, and are generated from the genome by a 2-step process [4, 5] . First, the gene for miRNA is transcribed in the nucleus by RNA polymerase II to produce primary miR-NA (pri-miRNA), which is then targeted by the ribonuclease Drosha for processing into a stem-loop structure, known as the precursor miRNA (pre-miRNA). Second, with the help of Exportin 5 and Ran-GTP, pre-miRNA is transported to the cytoplasm, where it is further processed by the ribonuclease Dicer to an approximately 22-nt double-stranded RNA (dsRNA) molecule, which is the mature miRNA. The 2 strands of the mature miRNA are thermodynamically asymmetric, and the strand with less 5'-end base-pairing stability, also called the guide strand, is preferentially selected by Argonaute 2 and other proteins for subsequent assembly into the RNA-induced silencing complex (RISC) [6] . By hybridizing, often imperfectly, to a homologous mRNA sequence, the guide strand of miRNA directs RISC to the target mRNA sequence. The miRNA is then cleaved by the endonuclease component of the complex, leading to mRNA degradation and gene silencing. Most miRNA target sites are located within the 3'-untranslated regions (3'-UTR) of genes.
Through this post-transcriptional regulatory mechanism of gene expression, miRNA actively modulates many biological processes, including cell proliferation, apoptosis, differentiation, and motility; likewise, miRNA actions can influence the onset and progression of a number of human diseases, as has been demonstrated for heart disease, hematopoietic disease, neurological disease, immune disease and cancer [4, 5, 7] . To date, more than 900 mature miRNAs have been identified in the human genome (miRbase database, http:// www.mirbase.org/). Although the number of miRNA-coding genes only accounts for approximately 1% of total genes, they are believed to regulate the expression of more than 30% of the protein-coding genes in humans [8] .
miRNAs play an important role in normal development of the mammary gland. For example, miR-25 and miR- are involved in the proliferation of normal mammary ducts and acini, let-7 regulates terminal differentiation of mammary cells, miR-29 mediates breast tissue remodeling, and miR-205 is considered as a marker for normal mammary stem cells [9] . In addition, miRNAs also play key roles in breast cancer development. Abnormal expression levels of miRNAs have been clinically observed in cancerous breast tissues, where they are believed to function as oncogenes or tumor suppressors [5] .
Recently, Ma et al. identified the miR-10b gene as a target of the transcription factor Twist, which is highly expressed in metastatic breast cancer cells and stimulates in vitro and in vivo tumor invasion [10] . Up-regulated expression of miR-10b was shown to result in suppression of the miRNA10b target homeobox gene D10 (HOXD10), which in turn led to induced expression of the pro-metastatic gene RHOC [10] . In the study presented herein, we identified another target of miR-10b silencing activity, E-cadherin (E-cad), an essential component for maintaining epithelial cell polarity and a potent suppressor of breast cancer invasion/metastasis. Moreover, we showed that miR-10b is necessary and sufficient for driving the expression of E-cad in breast cancer cells in vitro. A high negative correlation was found between the expressions of these 2 molecules in human breast cancer tissues, and a higher level of miR-10b significantly correlated with advanced disease and higher lymph node metastasis.
Material and Methods

Cell culture and treatment
The human metastatic breast adenocarcinoma cell line MDA-MB-231 was obtained from the Center of Molecular Medicine, Tongji Hospital (Tongji Medical College, Wuhan, China) and cultured in RPMI-1640 medium containing 10% fetal bovine serum (FBS; Gibco, Carlsbad, CA, USA).
The 2'-O-methyl miR-10b inhibitor (IN-10b, an antisense oligonucleotide specifically targeting mature miR-10b; sequence 5'-CACAAAUUCGGUUCUACAGGGUA-3'), a control scrambled oligonucleotide (IN-Ctrl, 5'-CAGUACUUUUGUGUAGUACAA-3'), the 2'-O-methyl miR-10b mimic (MI-10b, dsRNA molecule mimicking the endogenous mature miR-10b molecules; sense 5'-UACCCUGUAGAACCGAAUUUGUG-3', antisense 3'-CAAAUUCGGUUCUACAGGGUAUU-5'), and its corresponding control scrambled RNA duplex (MI-Ctrl, sense 5'-UUCUCCGAACGUGUCACGUTT-3', antisense 5'-ACGUGACACGUUCGGAGAATT-3') were designed and synthesized by GenePharma (Shanghai, China). To observe the transfection efficiency, an FAM-labeled miR-10b inhibitor or mimic was used (GenePharma). For delivery of the inhibitor or mimic into the cells, MDA-MB-231 were seeded at 1.5×10 6 cells/well in 6-well plates. Twenty-four hours later, the miR-10 inhibitor or mimic was transfected into the cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) by following the manufacturer's protocol. 
Patient selection and clinicopathological information
Reverse transcription (RT) followed by quantitative realtime PCR (qPCR)
Total RNA was extracted from breast tissues or breast cancer cells using the Trizol reagent (Invitrogen) and following the manufacturer's instructions. To quantify the miR-10b amount in each of the total RNA samples, the Hairpin-it™ miR-10b qPCR Quantitation Kit (GenePharma) was used according to the manufacturer's protocol. This procedure involves exclusive stem-loop RT primer hybridization to mature, miRNA, and not to primiRNA or pre-miRNA, followed by amplification of the mature miR-10b using a set of gene-specific primers. As an internal control, the small nuclear RNA (snRNA) U6 was amplified by using the U6 snRNA qPCR Normalization Kit (GenePharma).
To examine the expression of E-cad in various samples, total RNA was reverse transcribed into cDNA using MMLV reverse transcriptase (Promega, Madison, WI) and following the manufacturers' protocol. qPCR was performed using the following primers provided in the Custom RT-qPCR Gene Expression Kit (GenePharma): human E-cad (amplicon size of 176 base pairs (bps)): forward 5'-ATGCCATCGTTGTTCACTGGA-3', reverse 5'-CATGAGAAGTATGACAACAGCCT-3'; human GAPDH (internal control; amplicon size of 113 bps): 5'-AGTCCTTCCACGATACCAAAGT-3', reverse 5'-ATTGGAACGATACAGAGAAGATT-3'. The expression of the target gene was calculated using the 2 -∆∆Ct method, as previously described [11] .
Western immunoblot
Tissue homogenate was prepared in an ice cold buffer containing 50 mM Tris-HCl (pH 6.7), 2% sodium dodecyl sulfate (SDS), 4% glycerol, and 1 mM phenylmethanesulphonylfluoride (PMSF). Cell lysate was prepared in an ice-cold buffer containing 50 mM Tris-HCl (pH 8.0), 0.5% Triton X-100, 10% glycerol, and 0.1 mM ethylenediaminetetraacetic acid (EDTA). After centrifugation at 12,000×g for 10 min, the supernatant containing the total protein sample was collected and used in subsequent analysis. Following resolution by 10% SDS-polyacrylamide gel electrophoresis (PAGE), the separated proteins were electro-transferred onto a polyvinylidene fluoride (PVDF) membrane. The membrane was then blocked against non-specific binding by room temperature incubation with TBST buffer (10 mM Tris-HCl (pH 7.4), 100 mM NaCl, and 0.2% Tween-20) containing 5% skim milk for 2 h. After which, overnight incubation with rocking at 4°C was carried out with the following primary antibodies: anti-E-cad antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-b-actin antibody (Sigma, St. Louis, MO, USA). The next day, incubation was carried out with HRP-conjugated secondary antibody (Jackson ImmunoResearch, West Grove, PA, USA), and the signal was developed with SuperSignal West Pico Chemiluminescent Substrates (Pierce, Rockford, IL, USA). Immunoreactive signal intensities were analyzed by the GelPro Analyzer (Media Cybernetics, Bethesda, MD, USA).
Transwell invasion assay
Transwell inserts in 24-well format (8.0-µm pores; Corning, Lowell, MA, USA) were coated on the upper side with diluted matrigel (50 mg/L matrigel: DMEM with 0.5% FBS) and incubated at 37°C for 4 h. After coating, 5×10 3 cells in 100 µL DMEM medium containing 5% FBS were seeded on top of the insert. To the lower chamber, 700 µL of DMEM medium containing 20% FBS was added. The invasion assay was allowed to proceed at 37°C for 24 h. Then, the transwell insert was taken out, washed once with phosphate buffered saline (PBS), and fixed in methanol at -20°C for 10 min. After another wash with PBS, the non-invasive cells and matrigel on the top of the insert were cleared with a cotton swab, and the insert was washed 3 times with PBS. After air drying, the insert was immersed in 200 µL of 0.1% crystal violet and incubated at 37°C for 30 min; after a final 3 washes with ddH 2 O, the inserts were evaluated and digitally imaged under a light microscope. For each sample, 6 random fields were imaged under high magnification (200×) and used to calculate the average number of invaded cells.
Statistical analysis
Statistical analysis was performed using SPSS 13.0 software (Chicago, IL, USA). All quantitative data are presented as mean ± standard deviation (SD) for 3 independent experiments or multiple samples, where indicated 
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correction, and the correlation between these parameters was examined by a general linear regression model. The correlation between the expression levels of miR-10b and E-cad was analyzed using Spearman's rank correlation test, with the coefficient r calculated. A P-value of <0.05 was considered statistically significant. results
miR-10b up-regulates E-cad and reduces cell invasion
To gain a mechanistic understanding of miR-10b-regulated breast cancer metastasis, we sought potential human miR10b targets by querying bioinformatics databases using the miRanda (http://www.microrna.org/microrna/home.do) and PITA (http://genie.weizmann.ac.il/pubs/mir07/mir07_data. html) algorithms. Both analyses identified the human CDH1 gene that encodes the transmembrane glycoprotein E-cad as a potential target for miR-10b. The potential target site in the E-cad mRNA was located between nucleotides 461 and 481 within the 3' UTR ( Figure 1A ).
To test whether miR-10b is required for the down-regulated E-cad expression commonly observed in breast cancer Figure 1C ).
Once reduced levels of miR-10b had been established, we examined the concomitant expression of E-cad at both steadystate mRNA and protein levels. As shown in Figure 2A and 2B, although we detected a slight up-regulation of both E-cad mRNA and protein in IN-Ctrl cells, as compared to Mock and Blank cells, the E-cad expression in IN-10b cells was significantly up-regulated as compared to the other 3 negative control cells (P<0.05). Since E-cad is a crucial regulator of cell migration/invasion, we examined whether inhibition of miR-10b led to any alterations in cell invasive properties, presumably through the dysregulated E-cad. Compared with Blank cells, the invasion capability of IN-10b cells was reduced by approximately 45% (P<0.05; Figure 2C ).
Overexpressing miR-10b reduces E-cad and promotes cell invasion
Next, we investigated whether miR-10b is sufficient to downregulate E-cad in breast cancer cells. To achieve this, we transfected MDA-MB-231 cells with a miR-10b mimic that functions as a mature miR-10b in cells (MI-10b) and would create an environment of miR-10b overexpression. Mocktransfected cells (Mock), cells transfected with a control mimic (MI-Ctrl), or non-transfected cells (Blank) were used as controls to evaluate the change in E-cad expression due to miR-10b overexpression. Again, the transfection efficiency reached approximately 80% at 48 h post-transfection ( Figure 3A ). As expected, the MI-10b cells showed a dramatically up-regulated miR-10b level, by an approximately 2500-fold increase vs. Mock or Blank cells and 55-fold vs. MI-Ctrl cells ( Figure 3B ).
The up-regulation of miR-10b level was accompanied by significant reduction of E-cad mRNA and protein expressions, by more than 90% and 80% vs. Mock cells, respectively (P<0.01; Figure 4A and 4B). In functional analysis, the MI-10b cells also exhibited significantly higher invasion capability than the Blank cells (P<0.05; Figure 4C ).
High miR-10b level is detected in metastatic breast cancer and negatively correlates with E-cad expression
To analyze the clinical significance of the potential crosstalk between miR-10b and E-cad during breast cancer development, we examined the expressions of miR-10b and E-cad in benign breast lesions (Benign, N=16), primary breast cancer that was limited in breast tissue without lymph node metastasis (Pri, N=21), and metastatic breast cancer that was positive for lymph node metastasis (Met, N=23). Compared to cancers from benign breast lesions, primary breast cancers showed no obvious differences in detectable miR-10b level (P>0.05; Figure 5A ). Metastatic breast cancers, however, contained significantly higher levels of miR-10b, approximately 5-and 6-fold increases vs. benign tissue and primary breast cancers, respectively (P<0.05).
Corresponding to the up-regulated level of miR-10b in metastatic breast cancers, we also found that E-cad was significantly down-regulated at both the mRNA and protein levels in metastatic breast cancers, as compared to that in benign breast lesions and primary breast cancers (P<0.05). The E-cad mRNA and protein levels were not dramatically different among the benign breast lesions and primary breast cancers (P>0.05; Figure 5B and 5C). Spearman's rank correlation test showed that there was a high negative correlation between miR-10b level and E-cad mRNA or protein level in breast cancer (r<-0.5, P<0.001; Table 1 ).
MiR-10b is an indicator of advanced and metastatic breast cancer
The Table 3) . discussion E-cad, the prototype member of the classical cadherin family, is of paramount importance in maintaining cell polarity and epithelial integrity. Extensive studies have revealed that a reduction/loss of E-cad expression occurs concomitantly with the progression of breast cancer, from early-stage carcinoma to late-stage invasive carcinoma, and the reduced expression is significantly correlated with higher metastatic risk and worse prognosis [12, 13] . Induced re-expression of E-cad, on the other hand, led to reduced motility and reversed the invasive phenotype of breast cancer cells [14, 15] , Table 1 . Correlation between miR-10b level and E-cad expression in human breast cancer tissues.
Low negative correlation, 0<r<-0.3; moderate negative correlation, -0.3<r<-0.5; high negative correlation, -0.5<r<-1.0. All P<0.001. [16, 17] . On the genetic level, loss of heterozygosity in the chromosome 16q region, where the human E-cad gene is located, was detected in 45-63% of sporadic breast carcinomas [18, 19] . In addition, polymorphic mutations in the E-cad gene were associated with development of the lobular subtype of sporadic breast cancer [20, 21] . On the epigenetic level, DNA hypermethylation [22, 23] and upregulation of the Snail/Slug zinc-finger transcriptional repressors of the E-cad gene [24] have both been shown to contribute to loss of E-cad expression in breast cancer cells.
Clincopathological features
Other transcriptional repressors for E-cad have been identified, and include the basic helix-loop-helix transcription factors Twist and E12/E47 [25, 26] and the zinc-finger E-box binding homeobox 1 and 2 (ZEB1 and ZEB2), the latter of which is controlled by microRNA (miR)-200 family members and miR-205, which have both been characterized as down-regulated in clinical breast cancer specimens lacking E-cad [27, 28] . Post-translationally, cell-surface E-cad level is controlled by matrix metalloproteinase (MMP)-mediated proteolytic degradation, as well as by tyrosine phosphorylation-induced E3 ligase-targeted proteosomal degradation. Upon cleavage by MMPs, the extracellular domain of E-cad is released as an 80-kDa soluble fragment. This event not only reduces cell adhesion by depleting intact E-cad available to participate in adhesion complex formation, but also promotes cell proliferation, invasion and migration in a paracrine manner by activating ErbB receptor or up-regulating MMPs [29, 30] . Receptor tyrosine kinases (RTKs), such as epidermal growth factor receptor (EGFR), hepatocyte growth factor receptor (HGFR) and fibroblast growth factor receptor (FGFR), are frequently found to be activated in breast cancer cells. These RTKs phosphorylate E-cad, as well as catenins, targeting these molecules for E3 ligasemediated proteosomal degradation [31, 32] . Collectively, tumor cells appear to exploit every possible way to silence E-cad, supporting the theory that loss of E-cad expression is a prerequisite for tumor cell invasion and further metastasis. In this study, we identified a novel regulator for E-cad expression in tumor cells. The miR-10b controls the level of E-cad at the post-transcriptional level. By using the metastatic breast cancer cell line MDA-MB-231 as a model system, we were able to demonstrate that liposomal-mediated intracellular delivery of the miR-10b inhibitor reduces its endogenous level by approximately 50%. Moreover, this reduction is accompanied by a significant up-regulation of E-cad, at both the mRNA and protein levels. Meanwhile, ectopically expressing miR-10b produced dramatic reductions in E-cad mRNA (by >90%) and protein (by ~80%). In addition, the changes of E-cad expression in response to miR-10b inhibitor or mimics inducing overexpression were accompanied by functional alterations in cell invasion. These data suggest that miR-10b is capable of actively regulating E-cad expression in metastatic breast cancer cells, and that targeted silencing of miR-10b may serve to recover E-cad expression in breast tumors and suppress or eliminate the potential for tumor invasion/metastasis. In addition to the above-mentioned in vitro findings, we found that in clinical samples of breast cancer tissues there is a significant negative correlation between the levels of these 2 molecules. Thus, miR-10b appears to be a biologically important molecule for controlling E-cad expression in human breast cancer and may be amenable to pharmacologic or genetic intervention.
MiR-10b, together with miR-10a, constitutes the entire miR-10 family. MiR-10a and miR-10b genes are localized within the homeobox (Hox) clusters of genes on human chromosomes 17 (17p21) and 2 (2p31.1), respectively. As such, they are co-regulated with the Hox genes, and functionally target many Hox mRNAs [5] . Both genes have been detected as aberrantly expressed in a number of human tumors, including those of the brain, liver, colon and breast [5] . Ma et al. showed that miR-10b is specifically and highly expressed in metastatic breast cancer cells, as compared to its levels in normal mammary epithelial cells or non-metastatic breast cancer cells. Ectopic expression of miR-10b in non-metastatic breast tumors was demonstrated as sufficient to drive potent invasion in vitro and metastasis in vivo [10] . In our study, we compared the expression of miR-10b in 16 samples of benign breast lesions, 21 of primary breast cancers and 23 of metastatic breast cancers. Consistent with the findings from Ma et al., we found that miR-10b was approximately 4-fold higher in metastatic breast cancers than in benign lesions or primary breast cancers (P<0.01), while the levels in the latter 2 types of sample were not dramatically different from each other (P>0.05). More importantly, the higher level of miR10b independently and significantly correlated with multiple clinicopathological features of advanced progression and metastatic diseases, including larger tumors, grade III tumors, stage III tumors, tumors with lymph node metastasis, tumors with positive Her-2 expression, and tumors showing higher mitotic activity. In contrast, the miR-10b level in breast cancer negatively correlated with ER and PR positivity, 2 key indicators of better prognosis, supporting the notion that miR-10b overexpression can be an effective indicator for breast cancers of advanced and metastatic status.
It has been demonstrated that the basic helix-loop-helix transcription factor Twist controls the expression of miR10b in breast cancer cells [10] . Twist is also known to directly suppress the expression of E-cad in breast cancer [26] . Therefore, Twist may control E-cad expression, either directly by binding to the promoter region for transcriptional regulation, or indirectly by up-regulating miR-10b for post-transcriptional regulation. It is also possible that breast cancer increases miR-10 expression through genomic amplification, which in turn targets E-cad mRNA for degradation.
These potential mechanisms further demonstrate the importance of down-regulated E-cad in maintaining the transformed and metastatic phenotypes of breast cancer.
conclusions
In summary, we present here the first evidence that E-cad is a potential target for miR-10b and that miR-10b may modulate cancer metastasis through targeting E-cad. MiR10b is not only necessary but also sufficient for regulating E-cad expression in breast cancer cells, and is biologically significant for suppressing E-cad in metastatic breast cancer. As an independent indicator for advanced and metastatic breast cancer, miR-10b may become a valuable target for cancer therapy.
